␣-Lipoic acid (1,2-dithiolane-3-pentanoic acid; lipoic acid) is an endogenous compound used to treat pain disorders in humans, but its mechanisms of analgesic action are not well understood. Here, we show that lipoic acid selectively inhibited native Ca V 3.2 T-type calcium currents (T-currents) and diminished T-channel-dependent cellular excitability in acutely isolated rat sensory neurons. Lipoic acid locally injected into peripheral receptive fields of pain-sensing sensory neurons (nociceptors) in vivo decreased sensitivity to noxious thermal and mechanical stimuli in wild-type but not Ca V 3.2 knock-out mice. Ensuing molecular studies demonstrated that lipoic acid inhibited recombinant Ca V 3.2 channels heterologously expressed in human embryonic kidney 293 cells by oxidating specific thiol residues on the cytoplasmic face of the channel. This study provides the first mechanistic demonstration of a nociceptive ion channel modulation that may contribute to the documented analgesic properties of lipoic acid in vivo.
Introduction
It has been estimated that acute and chronic pain requiring medical treatment affect ϳ10% of the U.S. population; ϳ30% of those with disability suffer from chronic pain (McQuay and Moore, 1998) . Furthermore, currently available medications have either limited efficacy or serious side effects. Nevertheless, the neural mechanisms underlying pain processing and potential molecular targets for pharmacotherapy are still incompletely understood. Further research into developing novel pain therapies is needed.
␣-Lipoic acid (LA) (thioctic acid, oxidized form) and dihydrolipoic acid (DHLA) (dihydrothioctic acid, reduced form) are endogenous, lipid-soluble, sulfur-containing mitochondrial cofactors that are ubiquitous in living organisms, including neurons. LA and DHLA are important in the citric-acid cycle and in energy metabolism; in addition, they function as scavengers of free radicals and participate in redox reactions that modulate sulfhydryl (thiol) groups in various proteins (Smith et al., 2004) . Recent studies have shown that LA is an effective analgesic agent in various animals (Cameron et al., 2001; Joseph et al., 2008) , including humans (Ziegler et al., 2006; Patton et al., 2007; Memeo and Loiero, 2008) . However, the molecular basis for its analgesic effects are poorly understood. In addition, there are no data that link the analgesic effects of LA to specific ion channels that can modulate the excitability of neurons in pain pathways.
Recent molecular and genetic studies have established that T-channels in nociceptors of dorsal root ganglia (DRG) function as signal amplifiers of both acute and chronic pain (Bourinet et al., 2005; Choi et al., 2007) , probably because of their profound effects on the excitability of these cells (Nelson et al., 2005 (Nelson et al., , 2007a Jagodic et al., 2007 Jagodic et al., , 2008 . The function of these channels in DRG cells both in vitro and in vivo can be modulated by a variety of redox agents (Todorovic et al., 2001a (Todorovic et al., , 2004 Nelson et al., 2005 Nelson et al., , 2007a Pathirathna et al., 2006) . Hence, we investigated the hypothesis that LA can modulate T-currents in acutely isolated DRG cells and that this modulation contributes to the documented analgesic properties of LA in vivo. We also studied the molecular basis of T-channel modulation by these oxidizing agents.
Materials and Methods

Acutely isolated DRG neurons
DRG cells from adolescent rats were prepared as previously described Nelson et al., 2005 Nelson et al., , 2007a . For recording, cells were plated onto uncoated glass coverslips, placed in a culture dish, and perfused with external solution. All in vitro experiments were done at room temperature.
Human embryonic kidney 293 cells
Human embryonic kidney (HEK) 293 cells were grown in DMEM/F12 medium (Invitrogen) supplemented with fetal calf serum (10%), penicillin G (100 U/ml), and streptomycin (0.1 mg/ml). To construct the Ca v 3.2 mutants C939A and Ca v 3.2Cys(3) (C123A, C128A and C133A), a human Ca v 3.2 cDNA (GenBank accession number AF051946) contained in pcDNA3 was mutated using oligonucleotide primers and the single overlap extension technique. The primers, obtained from Invitrogen, were used without purification. The full-length cDNA of either C939A or Ca v 3.2Cys(3) was reassembled using a HindIII/AgeI fragment. The fulllength cDNA of the Ca v 3.2Cys(4) mutant (C939A, C123A, C128A, and C133A) was constructed by moving an AscI/AscI fragment from Ca v 3.2Cys(3) into C939A. The sequences corresponding to these fragments were verified by automated sequencing. Cells were transiently cotransfected using Lipofectamine 2000 (Invitrogen) at a 10:1 molar ratio with a plasmid encoding CD8 antigen, then incubated with polystyrene microbeads coated with anti-CD8 antibody (Invitrogen). After 48 h, cells with bound microbeads were selected for recording.
Electrophysiology
Recording electrodes were pulled from borosilicate glass microcapillary tubes (Drummond Scientific); when filled with solution, they had resistances between 1 and 4 M⍀. We made recordings using an Axopatch 200B patch-clamp amplifier (Molecular Devices) and Cornerstone PC-ONE patch-clamp amplifier (Dagan). Digitization of membrane voltages and currents was controlled using a Digidata 1322A interfaced with Clampex 8.2 or 9.0 (Molecular Devices). We analyzed data using Clampfit 8.2 or 9.0 (Molecular Devices) and Origin 7.0 (Microcal Software). Currents were lowpass filtered at 2-5 kHz. We took series resistance and capacitance values directly from readings of the amplifier after electronic subtraction of the capacitive transients. Series resistance was compensated to the maximum extent possible (usually 50 -80%). Multiple independently controlled glass syringes served as reservoirs for a gravity-driven perfusion system.
Recording solutions
The external solution for voltage-clamp experiments in DRG and HEK293 cell experiments contained (in mM), 152 tetraethylammonium (TEA) -Cl, 2-10 BaCl 2 , and 10 HEPES, adjusted to pH 7.4 with TEA-hydroxide (OH). In some experiments with HEK293 cells, external solution contained 5 mM CaCl 2 instead BaCl 2 . The external solution for current-clamp experiments in DRG cell experiments contained (in mM), 140 NaCl, 4 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES, adjusted to pH 7.4. To allow studies of well isolated and well clamped T-type currents in acutely isolated DRG cells, we used only fluoride (F Ϫ )-based internal solution to facilitate high voltage-activated (HVA) Ca 2ϩ current rundown ; this internal solution for voltage-clamp experiments with DRG neurons contained (in mM) 135 tetramethylammonium-OH, 40 HEPES, 10 EGTA, and 2 MgCl 2 , adjusted to pH 7.2 with hydrogen fluoride (HF). We supplemented this internal solution with 1 mM 5,5Јdithio-bis-2-nitrobenzoic acid (DTNB) for biophysical studies depicted on Figures 2 and 3. Typically, T-currents are evoked from the holding potential (V h ) of Ϫ90 mV and depolarization to test potential (V t ) of Ϫ30 mV, whereas HVA Ca 2ϩ currents were evoked from V h of Ϫ40 mV and depolarization to V t of 0 mV. The amplitude of the T-current at any given potential was measured from the end of the pulse to its peak. For current-clamp recordings, action potential (AP) was evoked by a single 1 ms injection of 3 nA depolarizing current through the recording pipette.
The internal solution for voltage-clamp experiments with HEK293 cells contained (in mM), 110 Cs-MeSO 4 14 creatine phosphate, 10 HEPES, 9 EGTA, 5 Mg-ATP, and 0.3 Tris-GTP, adjusted to pH 7.3 with CsOH. The internal solution for current-clamp experiments with DRG cells contained (in mM), 130 KCl, 40 HEPES, 5 MgCl 2 , 2 Mg-ATP, 1 EGTA, and 0.1 Na 3 GTP, adjusted to pH 7.3 with KOH.
All drugs were prepared as stocks and freshly diluted to the final concentrations in the external solution at the time of experiments. LA was prepared as 600 mM stock in ethanol, 600 mM DTNB, 300 mM 2 (trimethylammonium) ethyl methanethio sulfonate (MTSET) and 100 mM N-ethylmaleimide (NEM) in DMSO. The final concentrations of ethanol and DMSO had no significant effect on T-current amplitude in DRG and HEK cells (data not shown).
The apparent high affinity of Ca v 3.2 channels for zinc (Zn 2ϩ ) and the substantial tonic inhibition of these channels by contaminating Zn 2ϩ in our recording solutions necessitated the use of buffered Zn 2ϩ solutions to establish an accurate concentration-response relationship. For these experiments, calibrated free Zn 2ϩ concentrations were obtained using the low-affinity Zn 2ϩ chelator tricine (Paoletti et al., 1997; Nelson et al., 2007a) . Nominally "Zn 2ϩ -free" reference solutions were made by sub- Figure 1 . LA selectively inhibits T-type Ca 2ϩ currents and underlying after-depolarizing potentials in acutely dissociated rat sensory neurons. A, Traces of T-current in a representative DRG cell before and after (black traces), as well as during bath application of 1 mM LA (gray trace), which reversibly inhibited ϳ38% of peak inward current. Bars indicate calibration. B, Temporal record from the same cell presented on panel A of this figure. Gray bar indicates duration of LA application. C, Concentration-response relationship for LA inhibition of T-current in rat DRG cells (n ϭ 6 -20 per data point). Solid line is the best fit (Eq. 1; see Materials and Methods) yielding IC 50 of 3.3 Ϯ 1.5 M, slope coefficient 0.8 Ϯ 0.2, and maximal inhibition of 40.4 Ϯ 3.1% of the peak of T-current. D, Traces of HVA Ca 2ϩ current from another DRG cell before (black trace) and during the bath application of 1 mM LA (gray trace). Bars indicate calibration. E, AP waveforms in a representative DRG cell before (black trace) and during application of 100 M LA (gray trace). Note that LA application had little effect on RMP and the initial AP spike, but attenuated the maximal amplitude of ADP by ϳ30% and the duration of ADP (measured at half-maximal height) by ϳ45%. F, The same experimental protocol (described in E) was used in another DRG cell that fired a repetitive APs at the crest of ADP (black traces). When 1 mM LA was applied in the bath, the initial amplitude of ADP was decreased ϳ20% and the cell did not fire repetitively (gray trace) when the same single depolarizing stimulus was injected through the recording electrode. 
where PI max is the maximal percentage inhibition of peak current by drug, IC 50 is the concentration that produces 50% inhibition, and h is the apparent Hill-Langmuir coefficient for inhibition. The fitted values are reported with Ͼ95% linear confidence limits. The voltage dependencies of activation and steady-state inactivation were described with single Boltzmann distributions of the following forms:
where I max is the maximal activatable current, G max is the maximal conductance, V 50 is the voltage where half the current is activated or inactivated, and k is the voltage dependence (slope) of the distribution.
To study the effects of LA on peak T-channel conductance (see Fig. 2 E) , values defined as I peak /(V T Ϫ E r ) were plotted against command potentials in conditions before and after LA applications in the same cells, calculated from the average current-voltage ( I-V) curve shown in Figure 2 B. The extrapolated reversal potential (E r ) was taken to be ϩ60 mV and was calculated in cells in which maximal HVA current amplitude was not bigger than 200 pA by running 5 mV incremental depolarizing steps from Ϫ80 to ϩ60 mV.
To study T-current deactivation, the cells were held at Ϫ90 mV, then subjected to a 14-ms-long activating pulse to Ϫ30 mV, followed by 10 mV incremental deactivating steps from Ϫ160 to Ϫ60 mV (Fig. 1F ) .
To study the effects of LA on steady-state inactivation of T-channels (see Fig. 3A , B), currents are evoked by test steps to Ϫ30 mV after 3.5 s prepulses to potentials ranging from Ϫ110 mV to Ϫ45 mV in 5 mV increments.
To study the onset of closed-state inactivation in DRG cells (see Fig.  3C ), we used variable duration prepulses at Ϫ85 mV and then evoked T-currents (V h , Ϫ90 mV; V t , Ϫ30 mV).
Double-pulse protocol with variable duration was used to measure recovery from inactivation at Ϫ90 mV (see Fig. 3D ) and Ϫ120 mV (see Fig. 3E ) after 500-ms-long inactivating pulse (V h Ϫ90 mV; V t , Ϫ30 mV).
Behavioral studies
The Ca V 3.2 Ϫ/Ϫ mice were generated as described previously (Chen et al., 2003) . The Ca V 3.2 Ϫ/Ϫ mutation was maintained in C57BL/6J background by repeated back-crossing into each genetic background for Ͼ6 generations. We generated Ca V 3.2 Ϫ/Ϫ and wild-type control mice by mating heterozygotes from the C57BL/65J Ca V 3.2 ϩ/Ϫ background. Mice were maintained in a 12 h light/dark cycle and given ad libitum access to food and water. Animal care and handling were done according to the guidelines of the Institutional Animal Care and Animal Care and Use Committee of the University of Virginia. Every effort was made to minimize animal suffering and the number of animals used.
Assessment of mechanical sensitivity. The withdrawal response to mechanical stimulation was measured by our standard method using von Frey filaments (Todorovic et al., 2001a; Jagodic et al., 2007) . This method was modified from Chaplan et al. (1994) to allow time for effective daily assessment of mechanical sensitivity while minimizing residual behavioral responses from repetitious testing (e.g., learning, habituation). Mice were placed in a clear plastic cage with a wire-mesh bottom divided into four compartments, permitting mice freedom of movement while allowing access to their paws. von Frey filaments (Stoelting), which are designated as the log 10 (milligram weight required to cause bending X10), were used to assess the mechanical threshold for paw withdrawal. We found that applying the filament # 2.44 (which are reported by the company to produce 0.04 g of force) to the plantar surface of the foot causes a noxious response in mice that results in an average of 3-4 paw withdrawal responses (PWRs) in 10 trials. Baseline PWRs were determined in both paws 2 d before (see Fig. 7B , point B) and immediately before (see Local intradermal injections. To test the effects of LA, we intradermally injected into the ventral side of the right hindpaw 2 or 1 g of LA (corresponding to the estimated concentrations of 1 mM and 0.5 mM, respectively) or vehicle in 10 l of saline. Wild-type littermates were used as controls. All solutions were pH balanced to 7.4 to avoid skin irritation. No signs of skin inflammation, discoloration, or irritation were noted at the sites of injection with test compounds. For behavioral experiments, statistical comparisons were made using two-way repeated ANOVAs followed by Holm-Sidak multiple comparison, with statistical significance accepted if p Ͻ 0.05. All drug injections were performed in a blinded manner.
Results
DRGs contain somas of small-diameter primary afferent sensory fibers that originate as pain endings in the periphery and terminate in the dorsal horn of the spinal cord. We used whole-cell recordings from acutely dissociated DRG neurons of adolescent rats to study peripheral nociceptive mechanisms, because the small size of peripheral nerve endings precludes direct measurement of currents from sensory endings. We limited our experiments to smaller (Ͻ35 m average diameter) acutely dissociated neurons because the majority of these cells are likely to be involved in nociceptive processing in vivo (Levine et al., 1993; Snider and McMahon, 1998; Caterina and Julius, 2001) . To this end, our previous studies have established that most of these cells that express T-currents respond to capsaicin and/or have intense staining with IB 4 , two principal markers of nociceptive function of DRG cells (Todorovic et al., 2001a; Nelson et al., 2005; Jagodic et al., 2007) .
Selective inhibition of T-current by LA in DRG cells
In an effort to identify endogenous modulators of excitability in sensory neurons, we initially examined whether LA altered voltage-gated Ca 2ϩ currents in these cells. Traces in Figure 1 A and temporal record in Figure 1 B illustrate a representative DRG cell, in which application of 1 mM LA in external solution reversibly inhibited ϳ38% of the peak T-current. The inhibition of T-current induced by brief exposures to LA (ϳ1-2 min) was largely reversible during washout; there was a nearly complete recovery of baseline current. Next, we examined the sensitivity of T-current inhibition by testing several concentrations of LA in different DRG cells. Maximal inhibition of current of ϳ40% was achieved by 100 M and 1 mM LA with calculated IC 50 of 3 Ϯ 1 M (Fig.  1C) . In contrast, the same maximal concentration of LA had little effect on HVA current recorded in DRG cells (Fig. 1 D) . On average, 1 mM LA inhibited 40 Ϯ 4% of T-current (n ϭ 30, p Ͻ 0.001, paired t test) but had no significant effect on HVA current (1 Ϯ 3% change of baseline current, n ϭ 13, p Ͼ 0.05, paired t test).
We next tested whether partial inhibition of T-current would be sufficient to diminish T-channel-dependent afterdepolarizing potentials (ADPs) and underlying spike firing in these cells (Nelson et al., 2005; Jagodic et al., 2007) . In current-clamp recordings, we found that 0.1-1.0 mM LA inhibited ADPs and underlying repetitive spike firing with minimal effects on resting membrane potential (RMP) or Na ϩ current-mediated APs (Fig. 1 E,F ) . On average, LA reduced the maximal amplitude of ADP by 23 Ϯ 6% (n ϭ 5, p Ͻ 0.05). This is important since changes in the excitability of nociceptive sensory neurons are generally thought to contribute directly to pain sensation in vivo (Campbell and Meyer, 2006) .
We then set out to discern the biophysical mechanisms of T-current modulation by LA, which could contribute to the inhibition of current and diminished cellular excitability we observed in currentclamp recordings. To determine the effects of LA on the kinetic properties of DRG T-currents, we measured I-V relationships in the presence and absence of LA (Fig. 2 A,B) . We found that LA reduced T-current amplitudes at all potentials between -50 and Ϫ20 mV, but had little effect on the kinetics of macroscopic current activation or inactivation (Fig. 2C,D) . Interestingly, LA did induce a significant 7 mV rightward shift in half-maximal activation (V 50 ) with a decrease in voltage dependence having an average V 50 of Ϫ42.9 Ϯ 2.4 mV in controls and an average V 50 of Ϫ35.8 Ϯ 2.9 mV during LA applications (n ϭ 6, p Ͻ 0.05 by paired t test) (Fig. 2 E) . In addition, LA increased the rate of channel closure after repolarization, as shown by faster deactivation s at Ϫ80, Ϫ70, and Ϫ60 mV (Fig.  2 F) . In contrast, LA had little effect on aspects of the voltagedependent kinetics of channel inactivation, including steady-state inactivation (Fig. 3A,B) , onset of inactivation (Fig. 3C) , and recovery from inactivation (Fig. 3D,E) .
Redox mechanisms of LA modulation of T-channels in DRG cells
LA is a redox-reactive dithiol compound capable of modulating thiol groups on other proteins in tissues (Smith et al., 2004) . Thus, we decided to determine whether irreversible thiol modification of T-channels in DRG neurons alters the effects of LA on T-currents. NEM has been commonly used in studies of redox reactions since it covalently modifies protein thiol groups by alkylation and thus may block thiol-based redox reactions on regulatory cysteines in proteins of interest (Stamler et al., 2001) . We reasoned that if LA changes a cell's redox states by acting on putative thiol groups on the DRG T-channel, it should be possible to eliminate or greatly attenuate its effect by a previous bath application of NEM. Figure 4 , A and B, shows the traces and time course of a representative experiment in which we first applied 0.3 mM NEM to the cells for 8 -15 min until an apparent steadystate effect was achieved. On its own, NEM at this concentration slowly and apparently irreversibly blocked baseline T-currents by ϳ50% (52 Ϯ 6%, n ϭ 8). Using the same cells, we then applied 1 mM LA after NEM had been washed out, the point being to avoid direct chemical interaction between these agents. The effect of 1 mM LA measured after NEM application was greatly diminished, figure. NEM inhibited ϳ50% of the peak baseline T-current. When 1 mM LA was applied after NEM treatment, it induced only a small inhibition (ϳ10%) of the remaining inward current. Note that the inhibitory effect of NEM on peak T-current had a slower time course than did that of LA (Fig. 1 B) . The gray horizontal bar indicates the time of LA application; black horizontal line indicates the time of NEM application. C, Representative traces in gray show inhibition of baseline T-current (black traces) in different DRG cells. In both experiments, 1 mM LA was applied in the bath. Top panel shows the effect of LA on T-current in a cell where 1 mM DTNB was included in the internal solution; the bottom panel shows the effect of the same concentration of LA when internal solution was supplemented with 1 mM MTSET. Bars indicate calibration. D, Histogram represents the average effect of separate bath applications of 1 mM LA on T-currents in DRG cells with control internal solution (left column), and with internal solution containing either 1 mM DTNB (middle column) or 1 mM MTSET (right column). The average peak T-current inhibition was 46 Ϯ 6% in control, 56 Ϯ 3% with DTNB, and 51 Ϯ 10% with MTSET. Vertical lines are Ϯ SEM of multiple determinations. Number of cells in each experiment is indicated in parentheses. n.s., Not significant ( p Ͼ 0.05).
inhibiting only an additional 10% of T-current. Overall, the effects of 1 mM LA were significantly attenuated from the control response (46 Ϯ 6% inhibition, n ϭ 13) when DRG cells were treated with NEM (13 Ϯ 7% inhibition, n ϭ 8, p Ͻ 0.01). This strongly suggests that the effect of LA on T-current is caused by alterations of thiol groups on channels. However, since both LA and NEM can readily cross the cell membrane, these experiments cannot exclude the possibility that these putative thiol groups are located in the cytoplasm.
To address this issue, we dialyzed acutely dissociated DRG cells with strong membrane-impermeant agents such as 1 mM DTNB or 1 mM MTSET, including those in the patch-clamp pipette solution. Representative traces from DRG cells (Fig. 4C ) and average histograms from similar experiments (Fig. 4 D) indicate that these agents had little effect on LA inhibition of T-current. In control experiments, bath applications of 1 mM MTSET inhibited 20 Ϯ 5% of DRG T-current (n ϭ 5, p Ͻ 0.01, data not shown). Similarly, we have previously demonstrated that bath applications of 1 mM DTNB inhibit ϳ50% of T-current amplitude in DRG cells (Todorovic et al., 2001a) .
Molecular determinants of LA-mediated modulation of Ca V 3.2 T-channels
The preceding experiments with NEM in native DRG cells strongly suggest that LA inhibits T-current in DRG cells by oxidating thiol (cysteine) groups on the extracellular (cytoplasmic) face of the neuronal membrane. However, Ͼ50 extracellular cysteine molecules are conserved among T-channel isoforms (PerezReyes, 2003) , giving rise to the question of which ones could be critical for LA inhibition of T-current. Cysteine residues are frequently paired and often stabilize structure in proteins by forming covalent disulfide bonds. Therefore, we sought candidate extracellular cysteines that are unique to T-channels versus HVA Ca 2ϩ channels and that are in loops with odd numbers of cysteine molecules. We focused on two regions, repeat II, where there is a single highly conserved cysteine (C939) in the loop connecting S5 to the pore loop, and repeat I, where there are three conserved cysteines in the loop connecting S1 to S2 (C123, C128, C133). Earlier knockdown and knock-out studies have implicated Ca V 3.2 as the main T-type isoform in smaller DRG cells (Chen et Thus, to begin addressing the molecular basis for LA modulation of T-channels, we assessed the effects of LA on the peak current and kinetic properties of recombinant Ca V 3.2 T-currents in stably transfected HEK 293 cells. The results were much like those we obtained in DRG cells, with LA significantly reducing recombinant Ca V 3.2 T-current amplitudes by ϳ40%, but having no significant effect on the kinetics of macroscopic current activation or inactivation (Fig. 6 A, top panel and bottom left trace). As expected, there was no significant difference in the effects of LA on currents arising from wild-type Ca V 3.1 (49.6 Ϯ 6.5%, n ϭ 13) and wild-type Ca V 3.2 constructs (42.1 Ϯ 3.7%, n ϭ 20, p Ͼ 0.05) (Fig. 6 B, first two bars) .
Using Ca V 3.2 isoform, we performed site-directed mutagenesis of candidate extracellular cysteine residues into alanines, as shown in Figure 5 . Then, we tested the effects of 1 mM LA on mutated Ca V 3.2, finding that in those containing all four of the critical cysteines mutated together, Ca V 3.2 Cys(4), the inhibitory effect of LA was completely eliminated (120 Ϯ 7% of baseline current, n ϭ 9, p Ͻ 0.001) (Fig. 6 A, right bottom trace; Fig. 6 B, last column). In contrast, mutations of C123A, C128A, and C133A, Ca V 3.2 Cys(3), as well as a single mutation of C939A, Ca V 3.2 Cys(1), only partially reduced the inhibitory effect of 1 mM LA on Ca V 3.2, to 26.5 Ϯ 6.0% (n ϭ 13, p Ͻ 0.05) and 28.9 Ϯ 2.9% (n ϭ 13, p Ͻ 0.05), respectively. Importantly, the Ca V 3.2 Cys(4) mutation had very small effect on voltage-dependent kinetics of T-channels (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material).
We carefully evaluated the possibility that these mutations have nonspecifically altered pharmacological sensitivities of Ca V 3.2 currents. As shown in the top traces in Figure 6C , the sensitivity of cysteine mutations to other pan-T-channel inhibitors, such as the volatile anesthetic isoflurane (Iso), is similar to that of WT Ca V 3.2 currents, since in both constructs Iso almost completely inhibited currents. On average, 600 M Iso blocked 80 Ϯ 3% T-current in wild-type Ca V 3.2 channels (n ϭ 9) and 75 Ϯ 4% in Ca V 3.2 Cys(4) channels (n ϭ 5, p Ͼ 0.05) (Fig, 6 D, first two columns). At 100 M, dithiothreitol (DTT), a reducing agent with strong metal-chelating properties and a selective Ca V 3.2 modulator (Todorovic et al., 2001a; Nelson et al., 2007a) , similarly increased T-current in both wild-type and the Ca V 3.2 Cys(4) channel by ϳ1.5-fold (Fig. 6C, bottom traces) . On average, DTT increased baseline peak T-current in Ca V 3.2 Cys(4) constructs to 150 Ϯ 12% (n ϭ 3) and in wild-type Ca V 3.2 to 146 Ϯ 4% (n ϭ 27, p Ͼ 0.05) (Fig. 6 D, middle bars of histogram) . Furthermore, potent Zn 2ϩ inhibition of the Ca V 3.2 Cys(4) current (IC 50 0.70 Ϯ 0.07 M) indicated that mutations did not alter the high-affinity metal binding site of Ca V 3.2 (supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material). However, as predicted, the Ca V 3.2 Cys(4) construct affected the ability of other thiol-modifying oxidizing agents such as DTNB to inhibit T-current. At 1 mM, DTNB inhibited only 28 Ϯ 4% of T-current (n ϭ 6), which was significantly less than the 56 Ϯ 3% of current inhibition in the wild-type Ca V 3.2 isoform (n ϭ 20, p Ͻ 0.05) (Fig. 6 D, right side of histogram) .
The Ca V 3.2 channel in peripheral sensory neurons is required for LA modulation of thermal and mechanical hypersensitivity in vivo Because LA modulates native and recombinant T-currents in smaller DRG neurons that respond in vitro to noxious heat and capsaicin (Todorovic et al., 2001a, Nelson et al., 2005) , we examined whether this agent modifies in vivo sensitivity to noxious thermal (heat) stimuli. In these studies, we injected 10 l of LA directly into the peripheral receptive fields of sensory neurons in the hindpaws of adult wild-type (Ca V 3.2 ϩ/ϩ ) and Ca V 3.2 knock-out (Ca V 3.2 Ϫ/Ϫ ) mice, then measured the latency to paw withdrawal in the presence of a radiant heat stimulus (Fig. 7A) . As reported previously (Choi et al., 2007) and shown in Figure 7A , Ca V 3.2 Ϫ/Ϫ mice have similar baseline thermal sensitivities to their wildtype littermate counterparts. However, intradermal injection of the LA produced a dose-dependent decrease in sensitivity to thermal stimuli only in Ca V 3.2 ϩ/ϩ mice at 10 min and 20 min after injection. This was manifested by the transient prolongation of PWLs in injected [right (R)] paws by ϳ30% with 2 g/10 l and ϳ12% with 1 g/10 l at 10 min after injection (Fig. 7A, top  panel) . For example, 2 g/10 l LA increased the latency time from the baseline of 5.12 Ϯ 0.07 s to 6.76 Ϯ 0.10 s ( p Ͻ 0.001, n ϭ 5). It is important to note that PWLs in uninjected [left (L)] paws remained stable throughout the testing period, indicating a lack of systemic effect. In control experiments, a higher dose of LA (2 g/10 l) had no effect on PWLs in Ca V 3.2 Ϫ/Ϫ mice (Fig. 7A , middle panel), whereas ethanol (0.19%), the vehicle used to dissolve LA, had no effect on PWLs in wildtype littermates (Fig. 7A, lower panel) .
The majority of small-size DRG neurons are polymodal nociceptors that respond to a variety of noxious stimuli. Thus, we also studied the effects of intradermal injections of LA on mechanical sensation using von Frey filament # 2.44 and measuring baseline mechanical PWRs (B), before injections (0 time) and 10 min after injection. As reported previously (Choi et al., 2007) and shown in Figure 7B , Ca V 3.2 Ϫ/Ϫ mice have similar baseline mechanical sensitivities to their wild-type littermate counterparts. However, we found that similar to the effects on thermal sensitivity, locally injected LA induced dose-dependent decrease in mechanical sensitivity at 10 min after injections only in Ca V 3.2 ϩ/ϩ mice. For example, after injections of 2 g/10 l LA into R paws, PWRs decreased by 47%, and injections of 1 g/10 l LA decreased PWRs by 28% (Fig. 7B, top panel) . Note that PWRs in uninjected (L) paws remained stable throughout the testing period, indicating a lack of systemic effect. In control experiments, a higher dose of LA (2 g/10 l) had no effect on PWRs in Ca V 3.2 Ϫ/Ϫ mice (Fig.  7B, middle panel) , whereas ethanol (0.19%), the vehicle used to dissolve LA, had no effect on PWRs in wild-type littermates (Fig. 7B, lower panel) . These data indicate that Ca V 3.2 channels in peripheral sensory neurons are required for LA modulation of mechanical and thermal sensitivity in vivo.
Discussion
Although the biophysical properties of T-channels were first described in sensory neurons (Carbone and Lux, 1984) , their function in nociception has only recently been established Traces on the bottom show the effect of 1 mM LA (gray) on control baseline T-currents (black) in a representative HEK 293 cell expressing wild-type (WT) Ca V 3.2 (left, same cell as A) and in a representative HEK cell expressing a mutated channel in which all 4 cysteines were replaced with alanines designated as Ca V 3.2Cys(4) (right). Note that LA inhibited recombinant Ca v 3.2 currents in HEK cells in much the same manner as that observed with native T-current in DRG cells, with minimal effect on current kinetics. In contrast, in the Ca V 3.2Cys(4) mutant LA induced an increase of ϳ16% in the amplitude of the peak T-current and accelerated macroscopic current inactivation. Calibration bars pertain to both panels. B, Histogram summarizes the average effect of 1 mM LA in WT Ca V 3.1, WT Ca V 3.2, and Ca V 3.2 constructs with designated mutations of critical cysteine residues. On average, LA inhibited 50 Ϯ 7% of Ca V 3.1 current and 42 Ϯ 4% of Ca V 3.2 current ( p Ͼ 0.05). Mutants of Ca V 3.2 with either a three-cysteine, Ca V 3.2Cys(3), or a single cysteine, Ca V 3.2Cys(1), displayed reduced sensitivity to LA inhibition, with average inhibitions of current of 26.5 Ϯ 6.0% and 28.9 Ϯ 3.0%, respectively. In contrast, bath application of LA in the Ca V 3.2Cys(4) mutant potentiated current by an average of 20 Ϯ 7%. The number of cells in each experiment is indicated in parentheses. * indicates a statistically significant difference from Ca V 3.2 WT ( p Ͻ 0.05). C, Representative traces depict HEK 293 cells expressing either Ca V 3.2Cys(4) mutants (left) or Ca V 3.2WT constructs (right) in control conditions(blacktraces)andduringapplicationof600MIso(graytraces,top)or100MDTT(graytraces,bottom).NotethatIsoinhibited ϳ80% of the peak T-current in both experiments, whereas DTT enhanced the amplitude of T-current for ϳ60% in both experiments. Calibrationbarspertaintoallfourpanels.D,HistogramsummarizestheaverageeffectsofIso,DTT,andDTNBonconstructsexpressingeither Ca V 3.2WT (solid black columns) or Ca V 3.2Cys(4) mutants (open columns). During bath applications of Iso, the T-current amplitude was reduced to 25 Ϯ 4% and 20 Ϯ 3% in Ca V 3.2Cys(4) and Ca V 3.2WT, respectively. In the presence of DTT in the bath, the current of WT channels are potentiated to 146 Ϯ 4% and, in the Ca V 3.2Cys(4) mutant, to 150 Ϯ 12% of the baseline values. In the presence of bath-appliedDTNB,thecurrentofWTchannelswereinhibitedto55Ϯ3%and,inCa V 3.2Cys(4)mutants,to72Ϯ4%ofthebaselinevalues of the peak T-current amplitude. Dotted line indicates baseline T-current amplitude. Vertical lines are Ϯ SEM; n.s., not significant; *p Ͻ 0.05. The number of cells in each experiment is indicated in parentheses. (Todorovic et al., 2001a; Bourinet et al., 2005; Choi et al., 2007) . Indeed, the molecular mechanisms that regulate the function of these channels in pain processing still are not well understood. The major finding of this study is that LA inhibits native and recombinant T-currents by oxidizing specific thiol residues on the extracellular face of the channel. Inhibition of Ca V 3.2 T-channels and the ensuing decrease in cellular excitability in nociceptive DRG cells may contribute to the documented analgesic properties of LA in vivo. This notion is strongly supported by the finding that local intraplantar injection of LA potently diminished responses to noxious thermal and mechanical stimuli in wild-type mice, but was completely ineffective in Ca V 3.2 knock-out mice. Importantly, we identified a novel regulatory site on T-channels in peripheral sensory neurons that may serve in further pharmacological development of pain therapies.
LA is a ubiquitous molecule and mitochondrial cofactor that can act as both anti-oxidant and pro-oxidant, as well as a chelator of transition metals (Moini et al., 2002; Smith et al., 2004) . We have recently identified a unique histidine residue (H191) of repeat I of Ca V 3.2 that forms a molecular basis for subtypespecific redox modulation of T-channels using endogenous substances such as L-cysteine. We also found that L-cysteine increased native DRG T-current amplitude and neuronal excitability in vitro and induced thermal hypersensitivity in vivo by chelating trace metal ions such as Zn 2ϩ (Nelson et al., 2007a) . Furthermore, the same critical H191 residue of Ca V 3.2 can undergo metal-catalyzed oxidation with ascorbate in the presence of trace metals such as Cu 2ϩ , which in turn decreased T-current amplitude and neuronal excitability (Nelson et al., 2007b) . Here, we have continued by demonstrating that another endogenous redox-reactive compound, LA, not only had a prominent inhibitory effect on T-currents in vitro, but, importantly, potently diminished sensitivity to noxious thermal and mechanical stimuli in vivo. However, unlike L-cysteine and ascorbic acid, LA similarly affected Ca V 3.1 and Ca V 3.2 currents, a finding which indicates that H191 is not required for the inhibition of T-current by LA. Furthermore, our findings strongly suggest that the major effect of LA on T-currents occurs via oxidation of specific extracellular thiol groups in repeats I and II of the channels. This may lead to conformational changes in channel structure, which then may inhibit channel gating and consequently result in decreased Ca 2ϩ entry into the cell, decreased cellular excitability of nociceptors, and decreased pain transmission. It is interesting that LA only partially inhibited T-current, up to 40%. It is possible that full inhibition of the repeats I and II of the channel by LA might show as partial inhibition of the whole current. Similarly, we reported that some other agents like ascorbic acid (Nelson et. all, 2007b) , 5␣-reduced neuroactive steroids , anticonvulsants such as phenytoin and ␣-methyl-␣-phenyl-succinimide (Todorovic et al., 2000) , and anesthetic nitrous oxide (Todorovic et al., 2001b ) also partially inhibit DRG T-current. Although the precise mechanism underlying the partial blockade produced by any compound of DRG T-current remains unknown, our data presented herein and previously (Nelson et al., 2005) are consistent with the idea that even ϩ/ϩ littermates increased average thermal (PWLs) (in seconds) from control (left, uninjected paws, round symbols) from ϳ5.1 to 5.7 and 6.8 s, respectively. Note that the effect is transient; PWLs returned to baseline levels at 40 and 60 min after intraplantar applications of LA. The middle panel shows the lack of effect of LA on the thermal sensitivity of Ca V 3.2 Ϫ/Ϫ mice when injected into hindpaws at a dose of 2 g/10 l (n ϭ 6). The bottom panel shows the lack of effect of 0.19% ethanol injections (n ϭ 5) on thermal PWLs in Ca V 3.2 ϩ/ϩ mice. As in the middle panel, PWLs remained stable in both right (injected paws, square symbols) and left (uninjected paws, round symbols) throughout testing. Solid arrow indicates times of injection in all three panels. * indicates p Ͻ 0.001 for right versus left paw; † indicates p Ͻ 0.001 for pretreatment versus posttreatment at 10 and 20 min. B, The top panel indicates that LA at 1 g/10 l (gray filled column, n ϭ 6) and 2 g/10 l (black filled column, n ϭ 5) at 10 min after injection in the right paws of Ca V 3.2 ϩ/ϩ littermates decreased average mechanical PWRs from control (left, uninjected paws, open columns) by ϳ28% and 48%, respectively. The middle panel shows the lack of effect of LA on the mechanical sensitivity of Ca V 3.2 Ϫ/Ϫ mice when injected into hindpaws at a dose of 2 g/10 l (n ϭ 6). The bottom panel shows the lack of effect of 0.19% ethanol injections (n ϭ 6) on mechanical PWRs in Ca V 3.2 ϩ/ϩ mice. As in the middle panel, PWRs remained stable in both right (injected paws, black filled columns) and left (uninjected paws, open columns) throughout testing. Solid arrow indicates times of injection in all three panels. * indicates p Ͻ 0.001 for right versus left paw; † indicates p Ͻ 0.05 for pretreatment (B and 0 min) versus posttreatment at 10 min.
partial inhibition of T-currents in DRG cells is sufficient to diminish cellular excitability.
We present several findings indicating that LA functions by oxidizing extracellular cysteines on native and recombinant T-channels. First, the effects of LA on native DRG currents were attenuated by the thiol-specific alkylating agent NEM. Second, the effect of LA on DRG T-current was not altered by intracellular applications of strong membrane-impermeant agents such as DTNB and MTSET, which mimicked the effects of LA when applied in the bath. Third, site-directed mutations of 4 critical cysteine residues of recombinant Ca V 3.2 completely abolished the inhibitory effect of LA on T-current. Importantly, these mutants do not alter the ability of other traditional blocker of T-channels like Iso to inhibit current; similarly, the effects of agents interacting with critical histidine residue (H191) of Ca V 3.2, such as DTT and Zn 2ϩ apparently are spared. These results argue that mutations of critical cysteine residues had no nonspecific affect on the responses of LA because of changes in channel-gating behavior. The small potentiation of T-current with LA that we observed in this mutant likely resulted from chelation of trace metal ions that exert tonic inhibition of Ca V 3.2 (Nelson et al., 2007a) . This is supported by the likelihood that LA functions as a chelator of trace metals (Smith et al., 2004) and by the fact that LA speeded macroscopic current kinetics in Ca V 3.2Cys(4) mutants (Fig. 6 A) , as we reported previously for other chelating agents in Ca V 3.2 recombinant and native DRG currents (Todorovic et al., 2001a; Nelson et al., 2007a) .
It is interesting to note that mutations of these cysteines only partially inhibited the response to DTNB, a traditional thioloxidizing agent. This strongly suggests that DTNB and LA have somewhat different molecular mechanisms of T-channel inhibition. Supporting this possibility are the findings that DTNB more completely inhibits recombinant and native T-currents (Todorovic et al., 2001a; Joksovic et al., 2006) and induces voltagedependent modulation of channel inactivation (Joksovic et al., 2006) . In contrast, we report here that LA only partially inhibited T-channels, having a minimal effect on voltage-dependent inactivation, but had a significant effect on channel gating. Additional molecular studies will be needed to identify other critical cysteine residues on T-channels that are modulated by various thioloxidizing agents.
We noted that the inhibitory effect of LA on DRG T-current in vitro generally is spontaneously reversible after short applications of drug. Similarly, we have demonstrated that in vivo applications of LA to peripheral receptive fields of sensory neurons resulted in transient decreases in thermal sensitivity. Since oxidization of thiol groups on protein occurs via relatively stable disulfide bonds, the reversibility of effects strongly suggests that an unknown endogenous reducing factor could be associated with T-channels. However, the putative proteins associated with the pore-forming ␣1 subunit of T-channels have not yet been identified.
Others have also observed reversible thiol modifications of other proteins with LA (Slepneva et al., 1995) . Such reversible redox reactions are proposed to form a basis for homeostatic or physiological reactions or responses of the organism to stress, whereas other irreversible redox modifications of cysteines may ultimately lead to permanent tissue injury (Forrester and Stamler, 2007) . Thus, it is unlikely that LA-induced modulation of T-channels in peripheral nociceptors would have a deleterious effect on tissue. However, it is certainly true that T-channels are expressed in many areas of the nervous system, and that critical cysteine molecules that can be oxidized by LA are highly conserved in all isoforms across different species (Perez-Reyes, 2003) . Is it therefore possible that LA inhibition of T-channels in CNS have a function in the central modulation of pain transmission and other physiological functions? This appears likely based on the fact that peak plasma levels of LA after its systemic administration to humans range from 5 to 50 M (Hermann et al., 1998; Gleiter et al., 1999) . Moreover, we found that LA at these concentrations inhibits ϳ25-35% of DRG T-current. However, LA has a reasonably established record of safe use in human pain medicine, and therapeutic levels are associated with few side effects compared with other available pain therapies (Moini et al., 2002; Smith et al., 2004; Ruessmann, 2009 ).
An earlier in vitro study reported that LA at millimolar concentrations may modulate NMDA-currents in cultured cortical neurons (Tang and Aizenman, 1993) . It is unlikely that these effects contribute to the in vivo effect of LA on pain perception that we report here, since NMDA channels do not contribute significantly to peripheral nociception under physiological conditions (Todorovic et al., 2001a ). However, it is possible that the inhibitory effect of LA on NMDA currents in CNS could work in concert with inhibition of T-currents in DRG neurons to ameliorate neuropathic pain. We found that although the effect is rather transient, LA is effective in suppressing paw withdrawals to noxious thermal and mechanical stimuli, tests that usually are indicative of peripheral analgesic potency. Longer duration of analgesia could be achieved in humans by using slow-release creams, which could be beneficial in treating conditions where thermal hyperalgesia is prominent (e.g., sunburns). Most peripheral nociceptors are polymodal and the Ca V 3.2 knock-out mouse has markedly decreased pain responses to acute heat, mechanical, and chemical (formalin, capsaicin) stimuli (Choi et al., 2007) . In addition, peripheral T-channels are implicated in chronic neuropathic pain in disorders such as mechanical nerve injury (Todorovic et al., 2004; Bourinet et al., 2005; Jagodic et al., 2008) as well as diabetic neuropathy (Jagodic et al., 2007) . Thus, locally applied LA and related endogenous oxidizing agents acting on Ca V 3.2 T-channels in peripheral nociceptors may decrease peripheral sensitization that ultimately leads to the development of chronic neuropathic pain.
Overall, the results presented here advance our understanding of the redox mechanisms underlying the posttranslational modification of T-channels that has an important function in suppressing peripheral nociceptive signaling. Our results also suggest that the manipulation of redox states of peripheral nociceptors with naturally occurring substances such as LA could be useful for the development of novel therapies for the treatment of pain.
